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innovative, gate-to-gate solution to
1d minimizing the effects of weather on
nace System (NAS) performance,

all-weather Maximum Gate-to-Gate
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Core ldea Triad:

Situation Awareness,
Coordination, and
Information Transfer

Flexible Traffic Prediction
Management Considering (Coupled Weather and
Weather Constraints Traffic Prediction)
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Anticipated Benefits:

 More Accurate Take Off Times due to constraint
management, better weather information and predictions,
and EDCT compliance via DSTs

* Increased Safety due to better predictions of aircraft
trajectories clear of hazardous weather

* Increased airport and en route Throughput through weather
avoidance algorithms that dynamically adjust flows to
weather constraints

- Delay Savings facilitated by weather constraint planning —
directly benefits airline schedule integrity
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Anticipated Benefits:

« User Preferences included in solutions

« Equity enforced through user preferences and fair
DST solutions

 Human Factors benefits from a common situation
awareness and better human-computer interfaces

« Reduced Environmental Emissions due to reduced
taxi times and fewer airborne delays and less
airborne holding per flight
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Approach to Self Assessment:

e B

P gy P il e R
7 Today's \“\ / Today's \\\ Phase 3 / Future
{\ NAS without | : NAS with j ACES f NAS with ]
', . o

\RHWeatherﬁ/ 7 \E_Weatherf’/ % Expenmits \m“WeatheT i
Reference AT A e ™ o A AR

/7 Without All- 7 With A\ 7 Without Al 7 With AR
point for \ Weather * Weather ;:: | Weather j '. Weather }
capacity on a 'xmhf_:once;_)_tf;,/ \M_H(_.'Eoncepitf// \EEEOHCEPL../” \&Euncepif/
typical day in = N i

fodav’s NAS Benefit of the All-Weather

Capacity-Increasing Concept if
implemented in today’s NAS

Benefit of the All-Weather

Capacity-increasing Concept if
implemented in the future NAS

Investigate tradeoffs for different types of days (or ¥4 hours)
in the NAS

. No Weather . Severe Weather

«  Typical Weather «  Rare Weather
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Self Assessment Setup:

Select Domain of Interest

. Surface
. Transition
. En Route

Select Parameterizations
Select Metrics

Establish Scenarios of Interest

Run Experiments

Metric Category

Capacity Alrport Capacity
En Foute Sector Capacity
MAS Capacity
Throughput
Flexibility User Preference
Equity
Efficiency Government, Airline, & Fassenger Costs
Alrspace Utilization
Predictability | Time “ariability
EDOCT Compliance
mector Demand
Safety YWeather Exposure
Conflict Alerts
YWorkload
Environment | Moise
Follution
Delay Average Delay
Average Block Time
Human Human Performance
Factors Hurnan Behaviar
Freference Metrics
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Weather Related Metrics:
NWS Weather Levels

NWS Color Rainfall Rate Reflectivity (dBZ) Type
Level (mm/hr)
0 None <0.49 dBZ<18 None
1 Light Green 0.49-27 18= dBZ<30 Light Mist
. Dark Green 2.7-13.3 30= dBZ <41 Mod.
3 Yellow 1853 =27.8 41< dBZ <46 Heavy
4 Orange 27.3-486 46< dBZ <50 Very Heavy
5 Deep Orange 48 6-133.2 50= dBZ <57 Intense
6 Red >133:2 57< dBZ Extreme
« Airport Weather Severity Index (WSI)
WSI= [was
Metering Fix

region

Weather Severity Index
computed for a circular
region around the airport up

to the metering fix locations Weather Severity Index

computed for a wedge
shaped region associated
with a metering fix

e’
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Additional Weather Related Metrics:

e Deviation from User Preference

OR = R}LELE,S' FLOWN — RfvﬂLE,S' PLANNED

Actual Flight Path (3 Turns;
Distance: Ragzes rronn )

Planned Flight Path
(2 Turns; Distance: Ryg1s pLANNED )

« Sector Delay due to Weather

. oy Sector
See = DirectToDist/(Tp-T 4)

Save = FlownDist/(Tg-T 4)

' Actual

S
Delay = i () _
' Flight Path

Ave
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Example Parameterizations:

Weather Severity

. | o | L .‘. .
4% L | @ *°
-
None Low Moderate High

-
]

Low to Severe Weather test data set.

gnk | The weather did not get severe enough to be
classified as rare on this test day.

<+— Rare

50
- Transition Area
[ Weather Severity Index
y .. ) ()
a0k - e € Severe

=evere YWeather Coverage (%)

201 Quadrant mersmt e
Coverage Levelg il °  semear=""%, - *; o

10}

e e gt a4 \oderate
— o

14:00:00 16:00:00 18:00:00 20:00:00 22:00:00 00:00:00
time (£)
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Example Parameterizations:

Wind Shift and Convective Weather Prediction Accuracy

Spatial Prediction Accuracy
Smaller than Exactly as Larger than
Predicted Predicted Predicted

Earlier than
Predicted

On-time as
Predicted

Later than
Predicted

Temporal

Prediction
Accuracy

« EDCT Compliance

 De-lcing Condition
At Gate vs At De-lcing Spot Location

No De-lcing vs De-Icing (Single-Stage) vs De-lcing/Anti-lcing (Two-Stage)
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Core Idea 1:

Flexible Traffic

Management Considering
Weather Constraints

* Preflight ¢ Terminal
e Surface < En Route
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Core Idea 1.1: Pre-Flight Planning to Manage Airport
Flow Rates

 Long-Term Probabilistic Weather Forecasts
 Airport GDPs

« Fix-Based GDPs (w&w/o En Route Cornerpost Swaps)
 Distance-Based 1st Tier, 2" Tier GDPs

*  Multi-Airport GDPs

« Cancellations

e User Priorities and Constraints

14 NRA TIM #4 _____4

METRON AVIATION



Fix-Based GDP Analysis

26 June 2002

Time of Day

NRA TIM #4
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Airport vs Fix-based GDPs

Total Weighted Delay (hrs)

What could we do with
improved weather prediction

accuracy and pre-flight
GDPs?

PLANO BEARZ

2200

Predicted Weather Intensity Twice as Severe
2X A ctual Weather Intensity

2000

"_‘0——‘—'—*”‘\*
Airport-Based
'\-—-\./l\.\-\ /
. Fix-Based = \‘\:\_‘\_‘\-\

1600 —
Predicted Weather Intensity Equals

Actual Weather Intensity

ORD simulation with
weather prediction
accuracy varied
spatially and
temporally in a
controlled experiment.

P == - e 00 Sy ar o O
W

1200
0.5x Actual Weather Intensity

1000

-30 =25 -20 A15 -10 B o 3 10 15 20 25 k1l

Weather Time Shift (minutes)
16 NRA TIM #4

A positive weather
time shift denotes
forecast weather later
than actual weather.
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Airport GDPs vs Fix-based GDPs
with Cornerpost Swaps

« What if we could plan a
cornerpost swaps en route
during the GDP
implementation?

PLANO BEARZ

200

Wre ORD simulation with
2000 0 )
2x Actual Weather Intensity Airport-Based weather prediction
(No. of Arrivals = 357) accuracy varied
Predicted Weather Intensity Equals tempora"y Ina

. : controlled experiment.
AT A el [TERcIR1 Cornerpost Swaps & Fix-Based P
1400 {No. of Arrivals = 371)

w A positive weather
1200 time shift denotes
E‘% forecast weather later
0.5x Actual Weather Intensity

than actual weather.

E
o

2
[}

Total Weighted Delay (hrs)

1000

=30 225 -20 -15 -10 5 ] 5 10 15 Lt 25 30
Weather Time Shift (minutes)

METRON AVIATION



Core Idea 1.2: Precise Control of Take Off Time to
Add‘l__'ess Weather Constraints

. Isassback of Terminal/Transition airspace weather

constraints for departure

DP EDCTs in

support of SWAP
r or capping /

e Ground Sto

: A{PRE'“Q.s for ti
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SMS Planning for a Configuration Change

Proactive: Direct aircraft to new runways based on the
prediction of when the wind shift occurs

Reactive: Direct aircraft to new runways only after the wind shift
occurs; some aircraft will have to re-route to new runways

Proactive SMS

Concept
S s

40r  Baseline Reactive SMS

'

501

a0

20 A positive weather

time shift denotes
winds that occur

101 X later than planned.

Ave. Delay at Runway (Minutes)

-30 -20 -10 0 10 20 a0
Wyind shift forecast error (min)
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SMS EDCT Compliance during Configuration Changes

Taxi Urgency: Amount of time the OUT time is ahead of the OFF
time (relative to EDCT) ... can EDCT compliance be met by SMS?

18 T . T T T

compliance, actualOFF - controfled O FF |
o 16l (@verage overall percent controlled vales) 1|
@
E 14
s i A SMS is capable
s i | of maintaining
IO ’ . . i compliance when
E 10 = 'Y forecast errors are
o . i within £10 minutes
= 1 « Incroasing o . | and taxi urgency
3 taxi Urgency ‘ factor is limited.
» ¥
= - : . |
() » .
L ?
o 41 I L . I ]
< d
T_... . <
2 | 1 [ | ’ I|
-15 -10 -4 a 3] 10 15
Wiyind shift forecast error (minutes )
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Core Ildea 1.3: Weather Avoidance in the TRACON

Metering
i Arrival
: ¥ Direction

s \: 3%
2-Turn @ 0 Final ( & Final

Solution i il 4 Approach Approach
EE 1 " F]_X F]._X

3-Turn Solution

/260 -
t Runway /:(Jngmde

Arrival
Direction

21 NRA TIM #4 _____{.-/

METRON AVIATION




Core Idea 1.4: Weather Avoidance Algorithms for

the Transition Airspace

Normal Departure
Flow

|
—> |
| AL

Adjusted /v /«x_\'&
Departure T =

Flow:- 'n =
/ ] ==
\ A

i /\rr/val =i . " : _ Arrival
J\‘>__ Flow 3 == # —_Flow
- j\“\ RN T _ﬂ___'\'lt““‘“-
Departure Flow Departure Flow Re-
Unaffected by Arrival Designed with Arrival
Flow Weather Flow Weather
Avoidance Route Avoidance Route
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Example Transition Airspace (1)
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Example Transition Airspace (2)
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Example Transition Airspace (3)
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Example Transition Airspace (4)
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Core Idea 1.4: Weather Avoidance Algorithms for
the Transition Airspace

Current CDRs Extend
from Departure Airport
to Arrival Airport

27

Range-Based CDRs Extend out a Fixed
Range and Merge with Free Flight

Airspace, Standard Jet Routes, or
Playbook Plays
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Method 1: Alternate Waypoints via Variable SIDs &
STARs

A Example-Planned Arrival (red) and
265'h‘mi ) ~Departure (blue) R'c")Ute__Squtions

range

—“Search e

S Gt —7 7 = === 5 Z :
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Concept: Single, Double, Triple Metering Fixes

2x Throughput: Can we create 2 Metering Fixes that are closely

spaced together to meter 2x the Fix Throughput to an airport?

3x Throughput: Can we create 3 Metering Fixes?

Today
) 3

Distribution of a typica
traffic flow passing over

a DFW metering fix.

29

a0

20

Future

\\

Single Metering

4 Fix

Variance of

% fncoming flow
i reduced by FD
B, orecision

“ guidance

NRA TIM #4

Double Fix:

Two non-
intersecting flows
arrive at the
metering fix
location; requires
precision guidance

‘% \
Triple Fix;
Three non-
intersecting flows
arrive at the
metering fix
location; requires
precision guidance

o’
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Method 2: Non-Intersecting Parallel Flows to
Single, Double, or Triple Metering Fixes

-----

1 route synthesized
to direct traffic to
KRENA.

3 routes synthesized
to direct traffic to
KUBBS.

Only arrival routes
and hazardous
weather displayed in
this image.

3 routes synthesized
to direct traffic to

2 routes synthesized

BEARZ

PLANO.

EEIT W wIrIreEs 12953
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Method 3: Free Flight to Single, Double, or Triple
Fixes

The Free Flight route | Only hazardous

starts at the point o - weather is displayed
where the aircraft sl inthis image.
arrived on the A |

experiment day.

A search in space-time
b\ N\ (Space-Time Flow (STF)
: ), S N method) used to avoid
The search I———*"/jj,,/7' M . aircraft already within the
terminates here due \ \ transition airspace, along
to hazardous with avoiding severe weather.

weather.
-.\ The search ends at
p—L | the airport metering
T fix location.
W I AN 1A ‘\‘

METRON AVIATION



Comparison: Variable STARs vs Parallel Routes

Note: Only Arrival Routes are Shown

Alternate Optimal Path Weather Avoidance
Waypoint
Method 1X 2X 3X
|| -"\'\ \
.'II;I _o"f/" 2 \\\
Clear \ ot e ol NJe
Weather // f“ L -
Routes _ ‘. W D : e 8.9 \ i .
Available — 8 4 g = - 12
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Comparison:

Alternate
Waypoint
Method 1X 2X 3X

Optimal Path Weather Avoidance

5%
g P >
T

Weather

Low ? v e n Tl
| B R o e - i
4 - o 1 J E

3 gw i
f
L -

A small weather cell just in
front of the metering fix can
stop a flow
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Comparison:

Alternate Optimal Path Weather Avoidance
Waypoint
Method 1X 2X oA
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Optimal Path Weather Avoidance

Alternate
Waypoint
Method

Comparison

NRA TIM #4

u.ﬁ, a.
.Iﬁ .x .. ... ﬂ-./_
T W

High
Weather
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Comparison: Parallel Jet Routes vs Free Flight to
Single, Double, or Triple Fixes

Parallel Routes

Free Flight

Thioughaut Per Metering Fia (aircraft per haur)

36

Thraughput Per Metering Fix (aircraft per houwr)
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Core Idea 1.5: Wind-Optimal Free Flight Routes

4D Wind Optimized Routes

Future (4D)
Weather
Constraint or
Today’s CCFP

Flow Constrained Area (FCA)

Method of Jardin (NASA) modified to avoid large Weather Constraints
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Core Idea 1.5: Weather Avoidance Algorithms for En

Route Aircraft
Flow Constrained Area (FCA)  _

IIIII.IIII*IIIIIIIIIIIIIIIIIII;IIIIIIIIIHIIIIIIE Constrajnt
" = I—'—P_

e
e

o

JIIIII

&

.IIIIIIII EEEEEER EEEER | |

T
Parallel Routes exat FCA

Parallel Routes enter FCA
.
M

®

7
e

Parallel Routes Dynamically Defined Around Weather Constraints
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Weather Avoidance Algorithms for En Route Aircraft

1 Flow
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Weather Avoidance Algorithms for En Route Aircraft

2 Flows
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Weather Avoidance Algorithms for En Route Aircraft

3 Flows
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Weather Avoidance Algorithms for En Route Aircraft

Violation of Boundary Constraint

4 Flows

42 NRA TIM #4 _____{.-/

METRON AVIATION



Core Idea 1.6: Coordination of Large Scale TFM Plans

‘ MiT Restricﬁon‘
+—p

Reference @
o

Parallel Routes Applied to Playbook Plays
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Core Idea 1.6: Coordination of Large Scale TFM Plans

Drag and Drop

Control by
ATOSEC
Specialist

- ::::::5?:_:_:_—___ ——\

Predicted weather and | : AN
uncertainty | : _

| = :

Parallel Routes Applied to Playbook Plays

o’

METRON AVIATION
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Core Idea 2:

Prediction
(Coupled Weather and
Traffic Prediction)

e Estimated Times of Arrival
e Sector Counts
 Flow Rates: AARs and ADRSs

45 NRA TIM #4 _—/
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Core Idea 2.1: Incorporate Weather Predictions into ETAs

....... Metering Departure AM
Airspace

2-Turn i i
Solution =EEE=='E'=

Departure
Airspace

L
DFW

3-Turn Solution

M
ET4, - L3 BTa(x,,0,) | RuUnways
* Runway : 1
variance G-
N
o' = L[> ETA(X,,0,) 1-ET4,
1
16 NRA TIM 4 P
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Core Ildea 2.2: Sector Demand Predictions and Weather

 Estimate Sector Loads based on Trajectory Predictions that

include Weather Constraints
 Dynamically adjust the Sector Load Capacity to account for the

amount of Unused Hazardous Airspace Present in the Sector

— - ___—___________—___ r -
This weather cell o “ Tr . T Weather-free jet
will dissipate I ‘] | route valid for
before the lead — -\_..___? i | next 15 minutes.
aircraft reaches S \ " ¥ [

3

| Lead Airoraft: l :
| of Flows | 1 Route of the flow
R —* | from previous

© S~ update cycle.

Experiments were run ‘
with minimum 8 nmi L
separation between C € € 4
aircraft to reflect L
today’s average.

L

Sect Unused Hazardous
ector Airspace
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Core ldea 2.2: Self Assessment Result

Constraint: 1x Capacity Limit

B TS e e PR oo ERCEL T B0
[ T g R
]L u ol 1X Severe Weather o ‘Y ||
. Coverage I |
| ¥t - 2 \E B0 g |
| s RS i
5 gl ]
O Sector Capacit ’ s
L--i- R e e U +J_¢w’/ E, - Pty e
sl | % o
&
u”u“? { 410
1B:DEIEI:DEI 19:DID:DD QD:Db:ﬁD 2‘I:DID:EIEI 22:EIIEI:DD 23:00:00 DEI:DEEDD
Time (£}
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Core ldea 2.2: Self Assessment Result

Constraint: 2x Capacity Limit

— JT— B0 - p
’77 = =
| |
| g \ 70 2X _
|+++++++-{-++++* |
* 5 el -
| +++++'{-++++_€.+‘;g l
| {5 ;
S mt .
| P
A R T E
o E 10
— A - ]
I E \
= 1
8
s
(&)
Lii]
ol
1] 1 L 0
180000 19.00.00 20:00.00 27 DD 00 220000 23 DEI 00  00:00:00
Time ()
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Core Ildea 2.2: Self Assessment Result

Constraint: 3x Capacity Limit

r T =

“ B ]
_l_*_&.;:«"c.i-t- B

4% *
| gttt Yt e
| ‘f-.{. r

B
R e R =
I T S PRy £
r3 =
ol 5 z

L]

5

(5]

o

3]

D 1
18:00:00 120000 20:00:.00 21:00:00 22:00:00 23:00:00  00:00:00
Time (£)
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Core Idea 3:

51

Situation Awareness, ° Coordination of

Coordination, and Weather Information
Information Transfer ¢ Shared Situation
Awareness

e Coordination of User
Goals and Constraints

NRA TIM #4 _____4
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Core Ildea 3.1: Coordination of Weather Information

 Weather information (actual weather and its effects) from a
variety of sources needs to be collected, compared, integrated,
fused, coordinated, and distributed.

 Information on the surface needs to be
combined with information in the air to
provide NAS-wide mosaic of weather
conditions affecting all phases of flight :-l
 Sources include:
- MDCRS data
- PIREPs
- Radar Data

- Satellite Data AOC ATSP
- Surface Conditions I I" ﬁ
_._-_/

52 NRA TIM #4
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Core Idea 3.2: Shared Situation Awareness

« The User Triad needs to share the same perspective, or
awareness, of weather-related information, so that the
best strategy for mitigating weather effects can be
communicated and coordinated

« Shared awareness can be accomplished through both a
common view and a remote perspective view

 Users must have quick and easy access to this shared
mode

» A secure NAS state/weather information distribution
network and a unique user interface concept are required

METRON AVIATION



Core Idea 3.3: Accommodate NAS User Goals/Constraints

Weather Reroute Advisories

that assign aircraft to routes

- N « e
- B rs e B

they are unable to fly because \Zm e

they can’t be fueled for that

long a route [
\?“::'MCD

E .g "y An F1 00 gl okes | Hide Al Fouts | Shaw Overlays... | Hide: Overlays... |

| mig |Dast | Nurrber Of Fights [52) | il

IVl ATL DFw 7 FAT DFV_COY 25191022 REROUTE

can not fly a S AUS DFW ) ATCSCC ADVZY D50 DCC 07/25/2002 DFW QY REROUTE ADVIZORY (NITRE RAT Prototype)
2V BHM DFW ) IMPACTED AREA: DFW COY STAR

. EEASON:

major re route 4V BNA DFW : INCLUDE TRAFFIC: Reroute ZAU EDU RIC OBF ZHU SDF CVG ZID ZX ZHC ZMA ZME ZHP
VIl CLE DFw 1 PIT EZ0B ZTLdepartures to DFW
Al CLT DFwW i VALID TIMES: ETD START: 251909 END: 252309

DFW to ORD sVl VG DFW 1 ~—!| FACILITIRS INCLUDED: ZFU/ZME/ZHU/ZTL/2J%/ZMA/2DC /ZKC/ NP/ 24T/ 21D/ 208
TV DAY DFw 1 PROBABILITY OF EXTENSION:
—

Include Non-Airborne Flights Only
LESIGNED REROUTE:

(pink route on wHDW DRV

2
3: EI;IEJ gm } ORIG QUALIFIER DEST ASSIGHED ROUTE
kil == ========= ==== S=============
the Ieft On map) #[vil HSY DFw 1 Zall, DI, MV IRK J26
Al 1AH DFw 2 _lj
¥ IND DFW 1 Kl )
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Challenges Ahead

Integration of Concepts into ACES Simulation Environment

« Extension of Concepts — e.g., how do you adjust sector
capacities when two adjacent sectors have vastly different

weather coverage but a common jet route?

Sector Capacity
~ | considering weather
constraints

« TRACON Routes from single, double, or triple fixes to the

runways
/

METRON AVIATION
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Challenges Ahead

Number of Day Vectors

Rollup — NAS-Wide Extrapolation with ACES to 2020
Weather Frequency Statistics 2504 -
—] TR R T o Capacity Benefits of Transition Airspace
12 3 _§‘ @ @ All-Weather Core Ideas
S P = g = 200%
& = ‘O'I 3 & Benefit curves based on
i é T & . parameterization of
% = E % % ks results for purpose of
2 2 % 2 2 . benefit estimation.
= 3 s 5 8 100% -
i = § = =t mmm“ e
’ . = ' 50% —'Fra-n-s-m-o-n—krrgp:a@“ = e = =
'3 gl J' “"‘ b o4 [Capacity Trends e
Ll U UL o o w e
......................... Today’s Weather Related Delays are
=_known. How do we extrapolate when we
[DEN e R ~have on |yStUd|ed2A|rp0rt57
T i or B --'—'”—'ﬁ;;"" T rTrTrrTrT T
5 IDFW A @n ............................................................... - ﬁ- .......................................
Today’s GDPs are known* T -
Where will the 2020 GDPs'be located? - -
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Conclusions

« Weather poses Complex Constraints that affect each
domain of the NAS differently, varying day by day

« Self Assessment evaluated Core Ildeas on different types of
weather (typical, severe, rare) and for 2002 vs. 2020 over all
domains of interest

« Core Ideas Required to address weather constraints:
-  Flexible Traffic Management Considering Weather Constraints
- Prediction (Coupled Weather and Traffic Prediction)

-  Coordination and Information Transfer supporting a Shared
Situation Awareness
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Point of Contact
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